Abstract Autosomal recessive cutis laxa (ARCL) syndromes are phenotypically overlapping, but genetically heterogeneous disorders. Mutations in the ATP6V0A2 gene were found to underlie both, autosomal recessive cutis laxa type 2 (ARCL2), Debré type, and wrinkly skin syndrome (WSS). The ATP6V0A2 gene encodes the a2 subunit of the V-type H ? -ATPase, playing a role in proton translocation, and possibly also in membrane fusion. Here, we describe a highly variable phenotype in 13 patients with ARCL2, including the oldest affected individual described so far, who showed strikingly progressive dysmorphic features and heterotopic calcifications. In these individuals we identified 17 ATP6V0A2 mutations, 14 of which are novel. Furthermore, we demonstrate a localization of ATP6V0A2 at the Golgi-apparatus and a loss of the mutated ATP6V0A2 protein in patients' dermal fibroblasts. Investigation of brefeldin A-induced Golgi collapse in dermal fibroblasts as well as in HeLa cells deficient for ATP6V0A2 revealed a delay, which was absent in cells deficient for the ARCL-associated proteins GORAB or PYCR1. Furthermore, fibroblasts from patients with ATP6V0A2 mutations displayed elevated TGF-b signalling 
Introduction
Cutis laxa (CL), recognizable either by loose, redundant skin folds or skin wrinkling, is a phenotypic feature of a number of syndromic disorders. While in most cases a general involvement of connective tissues is evident, manifestations in other organ systems are variable and depend on the subtype. Cutis laxa comprises X-linked, autosomal dominant and autosomal recessive forms. Among these different forms autosomal recessive cutis laxa (ARCL) is the most prevalent type and appears to be the most heterogeneous in terms of phenotypic features and underlying molecular defects (Morava et al. 2009a) . At the more severe end of the autosomal recessive cutis laxa phenotypic spectrum lies the ARCL type I (ARCL1; OMIM 219100) characterized by pulmonary emphysema, cardiovascular problems, and gastrointestinal and vesicourinary tract diverticuli. It was found to primarily result from homozygous mutations in fibulin-5 (FBLN5) (Loeys et al. 2002) . Further studies revealed that mutations in the gene encoding for EGF-containing fibulin-like extracellular matrix protein 2 gene (EFEMP2) [formerly fibulin-4 (FBLN4)] can lead to an even more severe phenotype (Hoyer et al. 2009; Hucthagowder et al. 2006) . A form of ARCL type I can also be caused by LTBP4 mutations ). ARCL type II comprises a number of overlapping phenotypes. Mutations in GORAB, encoding a newly identified golgin, were found to cause gerodermia osteodysplastica (GO; OMIM 231070) (Hennies et al. 2008) . In contrast to other types of ARCL, GO patients have an increased risk of spontaneous bone fractures due to osteoporosis, suggestive facial features with jaw hypoplasia but seldom neurological involvement (Noordam et al. 2009 ). Metabolic investigations, such as protein glycosylation analysis, are normal (Morava et al. 2009a; Rajab et al. 2008) . Another form of ARCL, MACS syndrome (MACS; OMIM 613075), is due to mutations in RIN2, a Rab5 effector. Clinical hallmarks are macrocephaly, alopecia, scoliosis, typical facial coarsening, thick lips, mild alterations in serum protein glycosylation and variable mental retardation Basel-Vanagaite et al. 2009 ). De Barsy syndrome (DBS; OMIM 219150) has been referred to as ARCL type III and is characterized by a progeroid appearance with short stature, corneal clouding, hypotonia and pronounced mental retardation (de Barsy et al. 1968; Kunze et al. 1985) . The molecular defect in DBS is not fully clear. Recently, mutations in PYCR1 (ARCL2B; OMIM 612940), encoding a mitochondrial protein involved in de novo proline biosynthesis, were found in patients initially diagnosed as having wrinkly skin syndrome, gerodermia osteodysplastica or de Barsy syndrome (Reversade et al. 2009 ). Another neurocutaneous disorder showing features overlapping with de Barsy syndrome is caused by mutations in ALDH18A1, coding for another enzyme involved in proline biosynthesis (Bicknell et al. 2008) .
Mutations in ATP6V0A2, encoding the a2 subunit of the H ? -ATPase, were found to cause cutis laxa with generalized skin wrinkling, delayed closure of the anterior fontanelle, downslanting palpebral fissures, a varying degree of developmental delay, cobblestone-like brain malformations and occasionally a severe neurodegenerative phenotype with seizures and dementia Morava et al. 2005; Van Maldergem et al. 2008) . A unique feature is a combined defect of N-and O-glycosylation of serum proteins (CDG type II) Mohamed et al. 2011b; Morava et al. 2005) . The disorder was named ARCL Debré type and also classifies as a congenital disorder of glycosylation (ATP6V0A2-CDG). The disease appears to have a milder variant referred to as wrinkly skin syndrome.
The V-Type H ? -ATPase is composed of two multisubunit domains, V 0 and V 1 , and is involved in pH homeostasis and intracellular transport (Beyenbach and Wieczorek 2006; McHenry et al. 2010) . Both domains are connected by the a subunit, which is composed of 8-9 transmembrane helices and a long cytoplasmic N-terminal domain (Jefferies et al. 2008) . Four closely related paralogs exist for the a subunit. Except for a4, the other three a subunits are expressed broadly and in an overlapping manner. Mutations in ATP6V0A2, -A3 (TCIRG1) and -A4 are known to cause human hereditary disorders (Guillard et al. 2009 ). Different types of mutations affecting multiple domains have been described in ATP6V0A2 Kornak et al. 2008) . In most cases a loss-of-function effect is likely, but has not been proven directly. Mutations in ATP6V0A2 result in different cellular phenotypes. Skin fibroblasts from ARCL2A patients show impaired maturation and secretion of tropoelastin. Fragmentation of the Golgi-apparatus, a delayed Golgi collapse upon treatment with brefeldin A (BFA), and accumulation of abnormal cargo vesicles indicate that different cellular trafficking routes are affected by ATP6V0A2 dysfunction. As a possible result of these events apoptosis rates are increased in cells deficient for ATP6V0A2 ). The present study focuses on clinical, genetic and molecular findings in patients carrying novel mutations in the ATP6V0A2 gene.
Materials and methods

Patients
In this study we investigated 13 patients, who fulfilled the major diagnostic criteria for ATP6V0A2-related cutis laxa. These criteria included: generalized skin wrinkling, delayed closure of the anterior fontanel and a typical face with downslanting palpebral fissures and a broad nasal root. Consent for molecular studies was obtained from all individuals involved in this study or from their legal representatives. The Charité Medical University ethics committee approved the study. The study was performed according to the declaration of Helsinki. Written consent for publication of photographs was given by the patients or their legal representatives.
ATP6V0A2 mutation screening
Sequencing of all exons and the flanking intron regions of the ATP6V0A2 (NM_012463) gene was performed as described previously ) in each tested individual or the parents as obligate heterozygous carriers. All mutations were tested for segregation in the patient's families (if available). Sequencing reaction was performed with the BigDye Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA), and run on a 3730 DNA Analyzer (Applied Biosystems, Foster City, CA). Sequences were evaluated and compared to reference sequences with DNASTAR (DNASTAR Madison, USA) The molecular diagnostic tests were performed in an accredited laboratory (No.: DAP-ML-3869.00 (ISO 15189:2003 and ISO/IEC 17025:2005) . Functional effects of missense mutations were examined by assessing evolutionary conservation of the affected residues by BLAST alignment and interspecies comparison using Mutation Taster (Schwarz et al. 2010 ).
Cell culture
Human skin fibroblasts were cultivated in DMEM (Lonza) supplemented with 10 % fetal calf serum (FCS) (Gibco), 1 % Ultraglutamine (Lonza) and 1 % penicillin/streptomycin (Lonza). HeLa cells were cultivated in the same medium without penicillin/streptomycin and supplemented with 5 % FCS. Cells were grown at 37°C and 5 % CO 2 .
RNA interference (RNAi)
In 6-well plates 9,000 cells/cm 2 were seeded 16 h before siRNA transfection on glass coverslips. For transfection 200 nM of control (siRNA ID: AM4635, Ambion), ATP6V0A2 (siRNA ID: 20328, Ambion), GORAB (siR-NA ID # s40928, Ambion), PYCR1 (siRNA ID # s194735, Ambion) siRNA oligonucleotides were transfected by INTERFERin (Polyplus-transfection). After 8 h a second transfection was done. Cells were grown for another 64 h and subsequently analysed. Knock-down efficiency was verified by quantitative PCR.
Quantitative PCR Cells were lysed with Trizol Ò and total RNA was prepared by a standard RNA extraction protocol. Total cDNA was transcribed by RevertAidTM H Minus First Strand cDNA Synthesis Kit (Fermentas) using random hexamer primer. Quantitative PCR was performed with SYBR green (Invitrogen) on ABI Prism 7500 (Applied Biosystems, Foster City, USA). Data were analysed by ABI Prism SDS Software package by using the DDC t method. Normalization was done according to GAPDH levels and graphical output was created by Excel (Microsoft, Seattle). All primer sequences are available on request.
Immunofluorescence
Cells grown on glass coverslips were washed three times in phosphate-buffered saline (PBS), fixed for 10 min at 4°C in 4 % paraformaldehyde and permeabilized with 0.1 % saponin in 3 % BSA in 19 PBS for 10 min. For detection of ATP6V0A2 we used an antibody previously described and kindly provided by Dr. E. Ntrivalas (Ntrivalas et al. 2007) . As Golgi markers we used mouse anti-GM130 (BD Transduction Laboratories), rabbit anti-giantin (Covance). Secondary antibodies were anti-mouse IgG Alexa Fluor 555 (Invitrogen, Molecular Probes) and an anti-rabbit IgG Alexa Fluor 488 (Invitrogen, Molecular Probes). DNA was stained by DAPI and cells were mounted in Fluoromount G (Scientific Services). Images were collected by an LSM 510 meta (Carl Zeiss, Göttingen, Germany) with a 963 Plan Apochromat oil immersion objective.
Immunoblot
Cells were lysed in membrane lysis buffer (50 mM NaF, 30 mM NaPPi, 5 mM EDTA, 1 % Triton-X 100 in 19 TBS) supplemented with Complete proteinase inhibitor (Roche). Protein concentrations were determined using a BCA assay kit (Pierce). 10 lg of protein per lane were separated by 10 % SDS PAGE and subsequently transferred to nitrocellulose membranes. After tank blotting overnight membranes were blocked in 5 % block milk (5 g dry milk powder, 0.2 % NP-40 in 19 TBS), probed with an antibody against phospho-Smad2 (Cell Signaling) and with antibodies against GAPDH (Ambion) or Smad2 (Cell Signaling). Membranes were washed and incubated with HRP-conjugated secondary antibodies. Signals were detected using ECL reaction (Amersham). All blots were performed at least three times with different cell lysates. Densitometric quantification of the results was performed using the Image J Software package.
Brefeldin A-induced Golgi collapse
Patient skin fibroblasts or HeLa cells treated with siRNA were incubated with 5 lg/ml brefeldin A (Sigma). Coverslips were fixed and stained after indicated time points. Pictures were taken with a fluorescence microscope (BX60, Olympus). At least 250 cells per sample were counted. High-resolution pictures were collected using an LSM 510 meta (Carl Zeiss, Göttingen, Germany) with a 963 Plan Apochromat oil immersion objective.
TGF-b 1 ELISA
Patient and control fibroblasts were seeded at a density of 2 9 10 6 cells per six well to directly reach confluency. After 2 days the medium was removed and the cells were incubated with starvation medium (DMEM supplemented with 1 % Ultraglutamine and 5 mg/ml BSA) for an additional 24 h. After 3 days this medium was collected in polypropylene tubes. Cell debris was removed by centrifugation and latent TGF-b1 was acid activated since otherwise no active TGF-b1 was detectable. An ELISA (R&D) was performed according to manufacturer's instructions. All obtained fluorescence values were corrected against total protein concentration.
Results
Clinical findings
We analyzed 13 patients that fulfilled the clinical criteria for wrinkly skin syndrome or ARCL2, Debré type (Table 1) (Fig. 1a-h ). Clinical evaluation showed deep palmar and plantar creases and an abnormal distribution of subcutaneous fat tissue in several cases. In contrast to ALDH18A1-and PYCR1-related ARCL, no intrauterine growth retardation (IUGR) was noted in our patient group. Furthermore, a combined N-glycosylation (type 2) and O-glycosylation defect differentiates ATP6V0A2-related ARCL from other CL forms. In the present study we found altered glycosylation patterns in all patients tested (Table 1) .
Patient 2, who is the oldest affected individual in our series, developed a so far undescribed dysmorphism. At one and five years of age he only showed the typical facial features of ATP6V0A2-related ARCL (Fig. 1a, b) . However, at the age of 40 years he displayed a striking facial coarsening (Fig. 1c, d ). In addition, a progressive kyphoscoliosis and a chronic luxation of the right shoulder were evident ( Fig. 1c-e) . Radiological imaging also showed pathological calcifications in tissue surrounding the femur (Fig. 1f, g ) and the malleoli (data not shown), which remained unchanged in the follow-up. He had not only a mild to moderate mental retardation, which was also present in the majority of the cases (Table 1) , but also developed seizures in the second decade and increasing behavioural problems in the fifth decade. Patient 8, the only one of the three affected individuals from India for whom clinical pictures were available, showed a typical manifestation for ATP6V0A2-related ARCL (Fig. 1h, i) . Patients 2 and 8 both had an ophthalmic pterygium (Fig. 1j, k) , which is unusual at least at the young age of patient 8.
Patient 1 showed a cobblestone-like brain dysgenesis pattern in exactly the same frontotemporal distribution as described before in ATP6V0A2-related cutis laxa patients, and a typical enlargement of the Virchow space (Mohamed et al. 2011b; Morava et al. 2009b) . No MRI data were available for the other patients.
ATP6V0A2 mutation screening
The clinical appearance of all 13 patients indicated an ATP6V0A2-associated cutis laxa phenotype. Mutation screening in those individuals identified 17 different ATP6V0A2 mutations: one mutation of the start codon, three missense mutations, three nonsense mutations, three splice site mutations, three in-frame deletions, and four frameshift mutations (Table 1 ; Fig. 2a, upper part) . Mutation p.R63X (patients 9, 11) and p.E646_685del (patient Table 1  Summary of shoulder, and a scoliosis of the thoracic vertebral column. f X-ray at the age of 19 years showing grossly normal configuration of the femur. g Less than a year later heterotopic calcifications (arrows) surrounding the femur had developed. h, i At five years of age patient 8 of Indian origin showed the typical facial appearance as well as persistent abdominal wrinkling and sagging of the skin while skin wrinkling is absent at the dorsum of the hands. j Eye of 40-year-old patient 2 showing pterygium. k Eye of patient 8 showing beginning pterygium 12) were described previously Kornak et al. 2008) . All other mutations identified in this study are novel. Patients 1, 5, 7 and 13 are compound heterozygous. On genomic as well as cDNA level only one heterozygous mutation was detected in patient 2. However, a pronounced nonsense-mediated decay of the ATP6V0A2 mRNA in fibroblasts corroborated an ATP6V0A2-related ARCL2 ( Supplementary Fig. 1a ). The second mutation most probably resides in non-coding regions not included in the mutation screening. A comparison of all described ATP6V0A2 mutations (Fig. 2a , lower part) with our newly identified alterations (Fig. 2a, upper part) shows no accumulation in specific regions of the gene. The majority of the mutations leads to truncations and thus underline the hypothesis that the basis of ATP6V0A2-related CL is a loss of function by a loss of protein. Evaluation using the program MutationTaster (Schwarz et al. 2010) showed that the residues affected by missense mutations are evolutionarily highly conserved and therefore probably functionally important. While G416 is at the beginning of the putative transmembrane helix 2; H763 and L811 resides in and at the end of the last transmembrane helix, respectively. Residue P87 lies inside the cytoplasmatic N-terminal tail, whereas R510 is localized in a luminal loop (Fig. 2b) .
Up to now our ARCL research network has collected 211 affected individuals from 183 families without obvious lung involvement, which qualifies them as ARCL type 2. Of these individuals, 24 % had mutations in ATP6V0A2, 23 % in PYCR1 and 12 % in GORAB. Furthermore, seven patients (3 %) harboured mutations in ALDH18A1 and one in RIN2. In the remaining 38 % the genetic defect is still unknown (Fig. 2c) .
Localization of ATP6V0A2 within the Golgi compartment
Whereas morphological and functional alterations of the Golgi compartment induced by ATP6V0A2-deficiency imply a Golgi-localization, previous studies primarily detected the protein in early endosomes (Hurtado-Lorenzo et al. 2006) . In order to clarify the localisation in a cell type relevant for the CL phenotype, we performed immunostaining using an antibody against ATP6V0A2. In control cells the antibody stained a structure in a juxtanuclear position, co-localizing with different Golgi marker proteins Kornak et al. 2008) . No accumulation in a hotspot is visible. b All known missense mutations are indicated on a schematic view of the ATP6V0A2 protein integrated in the membrane (M). Also here no clustering of the known mutations is detectable. c Frequency of mutations in ARCL2-associated genes in our current cohort. From 211 affected individuals 24 % carry ATP6V0A2, 23 % PYCR1, 12 % GORAB and 3 % ALDH18A1 mutations. One patient showed a RIN2 mutation. In 38 % the molecular cause for the ARCL phenotype is not yet identified (Fig. 3) , proving that the a2 subunit of the V-Type H ? -ATPase is localized at the Golgi apparatus.
Next, skin fibroblasts from three CL affected individuals with different ATP6V0A2 mutations were examined (Fig. 3) . In cells from patients 2 and 10 no ATP6V0A2 fluorescence staining was detectable at the Golgi apparatus. A mild to severe fragmentation of the Golgi structure was observed as described previously ). In cells from patient 5 some ATP6V0A2 Golgi staining was still visible. This patient carries a splice site mutation on one allele, predicted to result in a premature termination of the protein. The p.L811P mutation on the other allele is likely to result in a partially stable protein.
Brefeldin A-induced Golgi collapse
By binding to ARF-GEFs brefeldin A (BFA) leads to ARF1 dysregulation (Hendricks et al. 1992; Steet and Kornfeld 2006) . As a consequence, the formation of tubules is induced that connect Golgi compartment and endoplasmic reticulum (ER), thus disturbing the equilibrium between antero-and retrograde transport between both compartments. ATP6V0A2 deficiency has been described to delay the resulting collapse of the Golgi Staining of GM130 (red), a protein localized in the cis-Golgi apparatus, revealed a similar structure. A co-localization of both signals is detectable indicating a localization of ATP6V0A2 in the Golgi apparatus. In patient-derived fibroblasts, an altered GM130-positive structure is evident. No green signal was detectable in cells from patient 2 and 10 indicating a loss of ATP6V0A2. In cells from patient 5 minor labelling is detectable co-localizing with GM130. Scale bar 10 lm (color figure online) Fig. 4 Specificity of delayed Golgi collapse after brefeldin A treatment. a Representative images of control and patient fibroblasts untreated or treated with 5 lg/ml brefeldin A for 6 min. Cells where stained for giantin (green) and GM130 (red). Control cells with completely collapsed Golgi structure and cells from patient 5 with almost unchanged Golgi morphology are shown. Scale bar 10 lm. b After 5 lg/ml brefeldin A treatment for 6 min staining for GM130 and giantin revealed non-collapsed Golgi structures in around 20 % of control, GORAB-, and PYCR1-deficient cells versus around 80 % in ATP6V0A2-deficient cells (color figure online) compartment triggered by BFA ). We extended this study and included skin fibroblasts from ARCL patients carrying mutations in the genes ATP6V0A2, GORAB, and PYCR1 in order to determine if this is a common feature of ARCL gene defects. Golgi integrity after 6 min BFA treatment was assessed by counting cells stained for giantin (Fig. 4a) . In control cells 80 % of the giantin signal was completely dispersed while in fibroblasts carrying ATP6V0A2 mutations 90 % of the cells showed remaining Golgi structures. Cells carrying mutations in GORAB or PYCR1 behaved like control cells (Fig. 4b) .
We reproduced these effects in HeLa cells after knockdown of ATP6V0A2, GORAB and PYCR1 by siRNA. Efficiency of the knock-down was corroborated by quantitative PCR (Supplementary Fig. 1b ). After treatment with BFA for different time points again only ATP6V0A2-deficient cells showed a delayed Golgi collapse. After 10 min in almost 80 % of GORAB-and PYCR1-deficient cells Golgi structures were dispersed, whereas in more than 60 % of ATP6V0A2-depleted cells Golgi morphology remained comparable to untreated cells ( Supplementary  Fig. 2 ). This corroborates that this effect is unique for ATP6V0A2-related ARCL.
Altered TGF-b signalling
In several connective tissue disorders TGF-b signalling was shown to be altered (Callewaert et al. 2011; ten Dijke and Arthur 2007) . We wanted to know whether this also applies to ATP6V0A2-related ARCL. Skin fibroblasts from patients and control individuals were cultivated 3 days past confluency before TGF-b signalling was determined by detection of P-Smad2, which is phosphorylated upon activation of the TGF-b receptor type 1. Quantification showed on average a twofold higher Smad2 phosphorylation in ATP6V0A2-deficient cells compared to controls (Fig. 5a) . In order to investigate the basis of this effect we measured total TGF-b1 in cell culture supernatants and found a clear elevation (Fig. 5b) . However, we could not detect any increase in active TGF-b1. There was no evidence for a transcriptional TGFB1 upregulation ( Supplementary  Fig. 3 ). This demonstrates an increased availability of latent TGF-b1 in spite of normal gene transcription.
Discussion
Within the last years, the genetic basis of several autosomal recessive syndromes with cutis laxa was elucidated, which greatly facilitates the distinction of these clinically overlapping syndromes Hennies et al. 2008; Kornak et al. 2008; Morava et al. 2009a; Reversade et al. 2009; Urban et al. 2009 ). In the present study we examined 13 patients with clear signs of ARCL2A, Debré type, or wrinkly skin syndrome. All patients selected for mutation analysis based on major diagnostic features, presented with lax and wrinkled skin, joint laxity, often leading to hip dislocations, and a large fontanel with late closure. In contrast to ALDH18A1-and PYCR1-related ARCL severe intrauterine growth retardation was rarely noted, birth weights were usually between the 10th and 25th percentiles. All patients showed a specific facial gestalt. In addition to the previously described downslanting palpebral fissures and broad nasal root, they had a typical distribution of sagging supraorbital skin and a long face. In some patients other important discriminating features are the previously described cobblestone-like brain malformation and the combined CDG type II N-glycosylation and O-glycosylation defect, which was evident in all patients analyzed (Morava et al. 2009b; Gardeitchik et al., in preparation) .
Patient 2 is of special interest as he is the oldest individual with an ATP6V0A2 mutation described so far and showed a strikingly progressive phenotype leading to a Analysis of Smad2 phosphorylation in ATP6V0A2-deficient skin fibroblasts. Cells were cultivated for 3 days after confluency, lysed and subsequently analyzed by immunoblot. A significant increase in Smad2 phosphorylation was detectable in fibroblasts from three patients, whereas Smad2 and GAPDH protein levels remained unchanged (representative result). Quantification of the results of three independent experiments showed on average a twofold increase of Smad2 phosphorylation. b Quantification by an ELISA for active TGF-b1 showed a twofold increase in supernatants from ATP6V0A2-deficient fibroblasts relative to control cells after acid activation of TGF-b1. Values are the average of two independent experiments. Students t test revealed p values: *p \ 0.005; **p \ 0.0005 kyphoscoliosis and facial coarsening. He also had a mild to moderate mental retardation and seizures without progression. These features are reminiscent of MACS patients with RIN2 mutations Mohamed et al. 2011a ). The use of TIEF was therefore very important for discriminating between the two disorders. Furthermore, heterotopic calcifications of muscle and connective tissue developed in patient 2 between the age of 19 and 26. No pain or indurations were reported at these sites and the origin remains unclear. A combination of cutis laxa with pathologic calcifications is observed in pseudoxanthoma elasticum (PXE) and related disorders that affect gamma carboxylation of mineralisation inhibitors (Kornak 2011; Vanakker et al. 2011) . However, in these disorders calcifications are usually found in skin, kidneys and the vascular system, not in muscles or tendons. Patient 2 as well as patient 8 displayed an ophthalmic pterygium at one eye. Pterygia typically appear in adults and possibly involve somatic changes in oncogenes (KRAS, TP53), growth factors and canonical WNT-signalling (Detorakis and Spandidos 2009) . Therefore, the exceptional appearance of a pterygium in childhood might be an interesting aspect for the understanding of the pathogenesis of ATP6V0A2-related ARCL. All these features have never been described before in ATP6V0A2-related ARCL and it remains to be determined how frequent they become when patients grow older.
Mutation screening in patient 2 only revealed one heterozygous, clearly pathogenic mutation, but strong nonsense-mediated decay of ATP6V0A2 mRNA, absence of the protein, altered TIEF patterns and the typical behaviour in the BFA-assay underlined that ATP6V0A2 deficiency is the cause of the disorder. All ATP6V0A2 mutations described so far have been classified as loss-of-function mutations ). The present study identified 17 ATP6V0A2 mutations either leading to altered splicing or to premature protein termination. No clustering within a hotspot was detectable. Missense mutations are rare events in ATP6V0A2-related ARCL, representing only 17 % of all mutations. The alterations on position P405 and G416 are localized in the first, whereas H763, P792 and L811 are localized in the last putative transmembrane helix of the ATP6V0A2 protein. These mutations might cause misfolding or a disturbed insertion into the membrane. In the a subunit of S. cerevisiae both regions of the protein have been implicated in assembly of the V-ATPase complex (Kawasaki-Nishi et al. 2003) . Therefore, an alteration of this position could lead to a stable protein unable to transport protons. Within our cohort of 211 affected individuals ATP6V0A2 mutations are the most common cause of ARCL. The second and third most frequently affected genes are PYCR1 and GORAB, respectively. This information might be important for the prioritization of candidate genes in a diagnostic approach for ARCL.
The V-type H
? -ATPase is present in multiple tissues and in several subcellular compartments (Guillard et al. 2009; Jefferies et al. 2008) . For the ATPase complex assembled around the a2 subunit two different subcellular localizations have been described: the Golgi compartment and the early endosomes (Hurtado-Lorenzo et al. 2006; Sun-Wada et al. 2011 ). We detected a clear Golgi localization of this protein in human dermal fibroblasts, the cell type most likely responsible for the ARCL skin manifestations. An additional localization in early endosomes or other parts of the endocytic pathway cannot be excluded due to the low signal strength of the antibody. As expected, the mutation in patients 2 and 10 resulted in an absence of the protein while in patient 5, carrying a heterozygous splice site mutation as well as a heterozygous missense mutation, weak labelling was detectable. This corroborates the suggested loss-of-function effect of ATP6V0A2 mutations.
We described that cells deficient for ATP6V0A2 show a delayed collapse of the Golgi compartment upon treatment with BFA ). In the current study we extended this initial observation and included skin fibroblasts with different known ARCL defects to better evaluate its role in ARCL pathogenesis and its value as a diagnostic test within the spectrum of ARCL. Only ATP6V0A2-, but not GORAB-or PYCR1-deficient skin fibroblasts and HeLa cells showed this delay. Thus if patient fibroblasts are available, testing disassembly of the Golgi apparatus induced by BFA provides a simple and quick possibility to pre-screen for ATP6V0A2 deficiency. This specificity is especially surprising since GORAB, the protein mutated in gerodermia osteodysplastica (GO), interacts with Rab6, a bona fide regulator of retrograde trafficking within the secretory pathway (Hennies et al. 2008) . So far, COG7 mutations are the only other defect linked with a delayed Golgi collapse after BFA treatment associated with CL (Morava et al. 2007; Steet and Kornfeld 2006; Wu et al. 2004 ). This phenotype can be easily differentiated from ATP6V0A2-related ARCL due to its severity and early lethality. Interestingly, COG7-deficient patients also show CDG-specific features, but GO patients do not Wu et al. 2004) . As it was demonstrated that the COG complex plays a role in fusion of intra-Golgi vesicles that transport glycosylation enzymes to ensure their correct position in the Golgi stack a similar role might also apply for ATP6V0A2 (Shestakova et al. 2006) . However, the mechanism seems to be slightly different. While COG-deficiency delays the onset of BFAinduced tubule formation at the Golgi, disruption of the pH gradient slows down the extension of these tubules (Barzilay et al. 2005; Flanagan-Steet et al. 2011) . In spite of considerable expression and correct Golgi localization of the mutated a2 subunit in fibroblasts from patient 5 the delay of BFA-induced trafficking was in the usual range for ATP6V0A2-related ARCL. It can be speculated that the p.L811P exchange disturbs formation of the last helix and therefore impairs either interaction with other subunits, proton translocation, or both (Nishi and Forgac 2002) .
We found elevated levels of latent TGF-b1 in ARCL2 skin fibroblast cell culture supernatant and upregulated TGF-b downstream signalling. As already reported by Saito et al., active TGF-b1 was below the detection threshold in supernatants from skin fibroblasts (Saito et al. 2001) . Surprisingly, although an autoregulatory loop regulating TGFB1 had been described previously (Bascom et al. 1989) we found no increased TGFB1 gene expression. In several syndromes with impaired extracellular matrix (ECM) formation with cardiovascular involvement, including forms of autosomal dominant and autosomal recessive cutis laxa, TGF-b signalling was shown to be upregulated (Callewaert et al. 2011; Dietz 2010; Hoyer et al. 2009; Urban et al. 2009 ). Using a cell-based assay LTBP4 deficiency was shown to entail an approximately threefold increase in active TGF-b in fibroblasts from patients with Urban-Rifkin-Davis syndrome, which is in the same range as our results ). LTBPs are part of the large latency complex, which anchors latent TGF-b to the ECM (Annes et al. 2003) . Therefore, increased bioavailability of latent TGF-b can be due to both, an impairment of LTBPs or of the ECM. Accordingly, fibroblasts expressing mutant elastin displayed strongly increased TGF-b signalling (Callewaert et al. 2011) . In contrast, previous results showed normal elastin deposition by ATP6V0A2-deficient fibroblasts at the time point (3 days after confluency) at which we measured TGF-b1 ). Whether disturbed LTBP function could be an explanation remains to be determined.
In cell types with a predominant endosomal localization of ATP6V0A2 a role of this subunit in endocytosis was shown (Hurtado-Lorenzo et al. 2006) . A delay of endocytosis was shown to enhance Smad2 phosphorylation upon addition of TGF-b (Chen 2009 ). Under the assumption of a significant endosomal function of ATP6V0A2 in skin fibroblasts delayed endocytosis could therefore explain enhanced TGF-b downstream signalling independent of increased levels of latent TGF-b. Further research is necessary to clarify this point.
Web resources
Online Mendelian Inheritance in Man (OMIM) http:// www.ncbi.nlm.gov/Omim/ (for OHS, ADCL and ARCL1 and ARCL2A, ARCL2B, DBS, MACS).
